A detailed study of tunneling spectroscopy concerning semiconductors with a low surface state density is presented. For this purpose, I -V curves under dark conditions and under illumination were measured on the ͑0001͒ van der Waals surface of a p-type WS 2 single crystal, which is known to be free of intrinsic surface states. The measurements are interpreted by an analytical one-dimensional metal-insulator-semiconductor model, which shows that the presence of the finite tunneling current has to be considered in the calculation of the tip-induced bandbending. Rectification of the dark I -V curves is explained by the absence of an inversion layer at the semiconductor surface. In contrast, the I -V curves measured for different light intensities and tip-sample separations indicate the existence of an optically induced inversion layer. Since no surface recombination needs to be considered to model these spectra, we conclude that bulk recombination, diffusion and direct tunneling of photogenerated minority charge carriers are the dominant processes for semiconductors with a low density of surface states. In contrast to the standard interpretation of tunneling spectroscopy, which can be applied to semiconductors with a high surface state density, our results clearly show that in this case the normalized differential conductivity (dI/dU)/(I/U) cannot be used to determine the energetic distribution of the local surface state density.
I. INTRODUCTION
Scanning tunneling spectroscopy ͑STS͒ methods have been intensively used to study the electronic properties of semiconductor surfaces on a nm scale. [1] [2] [3] [4] For semiconductors with a high surface state density in the forbidden band gap, it is usually assumed that the presence of the tunneling tip does not influence the electronic properties of the semiconductor surface. The applied tip-sample bias is essentially screened by the surface states and may entirely drop in the insulating gap. In STS experiments the applied tip-sample bias can therefore be used as an energy scale to determine the energetic distribution of the local density of states. However, on semiconductors with a low surface state density, such as H-terminated Si, cleaved GaAs͑110͒ or the layered materials WSe 2 and WS 2 , the situation is far more complex, since the applied tunneling voltage and the work function difference between the tip and the sample lead to an additional bandbending at the semiconductor surface and nonequilibrium effects need to be considered. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] In a one-dimensional model the bandbending in a metalinsulator-semiconductor ͑MIS͒ diode was first determined by Garret and Brattain 15 and Kingston and Neustadter 16 by integrating the Poisson equation, including accumulation, depletion and inversion at the semiconductor surface. For a known bandbending the tunneling current can then be calculated using a tunneling theory for a MIS diode. [5] [6] [7] [8] [9] [10] 14, 17 The question whether this quasi-equilibrium approach is valid for STS measurements is still controversly discussed. 5, 10, [12] [13] [14] It was first recognized by Feenstra and Stroscio 5 that due to an extraction of the minority charge carriers, the semiconductor surface might not invert for the reverse bias situation. Bolotov et al. 13 were able to measure this minority charge carrier extraction current on H-terminated Si͑111͒ samples. Depending on the temperature and the level of doping, they observed a different saturation level in the tunneling current for the reverse bias situation. For macroscopic MIS devices with a thin insulating gap, this is a well known effect. The numerical calculations of Green et al. 28 showed, that in the case of a finite tunneling current, the minority charge carriers at the semiconductor surface may not be in thermal equilibrium with the charge carrier distribution in the bulk. As a result, the bandbending under reverse bias situation is not limited by the band gap anymore. For a p-type semiconductor this means, that a strong rectification in the I -V curves will be observed, since for negative sample voltages tunneling of electrons from the valence band of the semiconductor into unoccupied states of the metal is not possible.
Additional insight into the influence of such nonequilibrium effects on the minority charge carrier distribution can be obtained by illumination of the tunneling junction. [11] [12] [13] [18] [19] [20] [21] [22] [23] [24] Using light with a photon energy of h ϾE g , electron-hole pairs are created in the semiconductor. On semiconductors with a high surface state density it is essentially the balance between photoexcitation, diffusion and surface recombination of the minority charge carriers, which leads to a lateral shift of the I -V curves under illumination, usually described by an additional local surface photovoltage ͑LSPV͒. 11, [19] [20] [21] The influence of tip-and biasinduced bandbending was analyzed by McEllistrem et al. 11 who measured the voltage dependence of the LSPV for Si surfaces with different surface state distributions and densities. They showed that on H-terminated Si͑111͒ the presence of the tunneling tip and the applied tip-sample bias significantly influences the bandbending at the semiconductor surface. However, the contribution of direct tunneling of photoexcited carriers, as observed by several other authors, 12, 13, [22] [23] [24] was neglected in their electrostatic approach to calculate the LSPV. On the other hand, an interpretation of the observed I -V curves under illumination by a simple superposition of dark current and voltage independent photocurrent, 12, 23 as generally used for the description of macroscopic solar cells, cannot explain the experimental results. 12, 13, 22, 24 Therefore, if one attempts to model the dependence of the photoinduced tunneling current ͑PITC͒ on the light intensity, the tip-sample distance and the tunneling voltage, a more detailed description is needed.
In this article, we present detailed STS measurements on the van der Waals surface of a WS 2 single crystal. Due to the layered structure of this material, the ͑0001͒ van der Waals surface is free of intrinsic surface states in the forbidden band gap. We will show that on semiconductors with a low surface state density, the I -V characteristics under dark condition and under illumination can both be reproduced by a one-dimensional MIS model. We discuss the measured dependence of the PITC on the tip-sample distance, the tunneling voltage and the light intensity in terms of analytical calculations. Non-equilibrium effects due to the finite tunneling current need to be considered in the calculation of the tipinduced bandbending, while surface recombination may be neglected in this approach.
II. EXPERIMENT
The STS measurements were performed on p-doped WS 2 single crystals ( pϭ10 17 cm Ϫ3 , E g ϭ1.3 eV͒, which had been grown by chemical vapor transport. Clean, atomically flat ͑0001͒ surfaces were obtained by cleavage in air and immediate transfer into a high vacuum chamber (10 Ϫ6 mbar͒. I -V curves were measured using a homebuilt STM and mechanically cut PtIr tips. For photoexcitation we used the unfocused light of a HeNe laser ͑633 nm, 500 mW/cm 2 ). In order to measure I -V curves with and without illumination for the same tip-sample distance we used a special setup: The incident light is modulated by a mechanical chopper at 0. The dark current increases exponentially for positive sample voltages, while for negative sample voltages up to Ϫ3 V no tunneling current can be detected. Under illumination a photoinduced contribution to the tunneling current ͑PITC͒ is observed, which shows a strong dependence on the tunneling voltage. While for positive voltages U t Ͼ0.6 V the tunneling current is not influenced by the illumination, a strong increase of the PITC is observed for 0 VϽU t Ͻ0.6 V. For more negative voltages, only a weak linear dependence of the PITC on the applied voltage is observed. The LSPV, which is defined as the voltage, where the tunneling current under illumination is zero, is about 0.6 V. In the following sections the measured dependencies of the I -V curves on various parameters are discussed in detail.
A. Current-voltage curves under dark conditions
In Fig. 2 curve then decreases, while for larger tip-sample biases (U t Ͼ1.7 V͒ the second steep increase in the current is caused by the electrons tunneling from the tip into unoccupied states of the conduction band (J C ).
B. Current-voltage curves under illumination
The dependence of the PITC on the reference voltage U ref is shown in Fig. 3 . Varying the reference voltage by 0.5 V corresponds to a change of the tip-sample distance of about 2 Å.
For negative sample voltages U t ϽϪ0.8 V all the I -V curves approach the same line, i.e., the PITC gets independent on the tip-sample separation. For sample voltages Ϫ0.8 VϽU t Ͻ0.6 V a systematic variation of the PITC with the tip-sample distance is observed: For small tip-sample distances (U ref ϭ1 V͒, the PITC increases strongly in the range 0.3 VϽU t Ͻ0.6 V and only a weak linear dependence on the sample voltage is observed for U t Ͻ0. 
C. Variation of the tip-sample distance
One striking difference of the I -Vcurves measured under dark or illuminated conditions is the dependence of the tunneling current on the tip-sample distance. To investigate this effect in more detail, we explicitly varied the tip sample distance while measuring the dark current and the PITC simultaneously. To obtain the spectra shown in Fig. 5 the tipsample distance was adjusted in the dark for U ref ϭ1.5 V, I ref ϭ5 nA. Then an additional z-voltage was applied to retract the tip while measuring the dark current at U t ϭϩ1.5 V and the PITC at U t ϭϪ1.5 V.
As expected, the dark current depends exponentially on the tip-sample distance and changes by one order of magnitude within a z-displacement of ⌬zϷ2 Å. On the other hand a variation of ⌬zϷ4 Å does not change the PITC. A z-displacement of more than 5 Å is necessary to reduce the PITC significantly. For more negative sample voltages U t ϽϪ1.5 V even a larger z-displacement was necessary to observe changes in the PITC. As will be shown in the following section, this behavior is explained by the fact that at large reverse bias the junction behaves like a current source of the photogenerated minority carriers.
IV. THEORETICAL CONSIDERATIONS AND DISCUSSION
An interpretation of the observed I -V characteristics can be given on the base of a one-dimensional MIS model. Table  I summarizes the parameters used in the calculations. Parameters were taken from the literature or were chosen to reflect the experimental conditions. For the layered semiconductor materials, such as WS 2 , a large variation in the measured electronic properties can be found in the literature, especially the anisotropy of the electronic transport properties is still controversly discussed. 26 This is one reason why no attempt will be made to fit the calculated results quantitatively to the experimental data. However, the one-dimensional calculations can serve as a more general qualitative model for the interpretation of tunneling spectroscopy on semiconductors with a low surface state density.
A. Current-voltage curves under dark conditions
A calculation of the tunneling current under dark conditions is made by including a tunneling transmission coefficient T ͑WKB-approximation͒ into the theory of a metalsemiconductor contact. [27] [28] [29] The tunneling current contribution of the valence band J V is described by a thermionic emission current, 27 while the tunneling current contribution of the conduction band J C is described by a minority carrier injection theory. 28, 29 This is a simplication compared to the method first presented by Feenstra and Stroscio, 5 however, it is justified for low or moderate doping levels. In this case we expect thermally activated charge transfer processes to dominate over tunneling through the barrier inside the semiconductor.
To calculate J V and J C the bandbending as a function of the sample bias has to be known. Neglecting charges in surface states the potential drop in the tunneling gap can be calculated for a one-dimensional sheet capacitor as U i ϭzQ sc /⑀ 0 , where Q sc is the surface charge density due to the space charge region of the semiconductor. Q sc is calculated as a function of the bandbending eU d by integrating Poisson's equation. 15, 16 Including accumulation, depletion and inversion at the semiconductor surface one gets
where the ϩ sign corresponds to U d Ͼ0, the Ϫ sign to U d Ͻ0. Varying U d in Eq. ͑1͒ and considering the work functions of the tip and the sample, the bandbending as a function of the tunneling voltage is obtained. Figure 6 shows the bandbending U d and the resulting tunneling current as a function of the sample voltage U t for a tip-sample separation of 7 Å. The corresponding energy band diagrams are shown in Fig. 7 .
The solid lines in Fig. 6 are obtained if the space charge density as described by Eq. ͑1͒ is used for the calculations. In Fig. 6͑a͒ three different slopes can be observed: Accumulation for U t Ͼ0.65 V, depletion for Ϫ0.7 VϽU t Ͻ0.65 V and inversion for U t ϽϪ0.7 V of the semiconductor surface can be distinguished. The tunneling current in Fig. 6͑b͒ is obtained by adding the contribution of the valence band and the conduction band using the potential relations of Fig. 6͑a͒ .
For small positive voltages the tunneling current first increases due to the tunneling of electrons from the tip into unoccupied states of the p-type semiconductor valence band (J V ͑maj.͒, Fig. 7͑b͒͒ . This contribution reflects the voltage dependence of the bandbending, i.e., when the semiconductor gets into accumulation the slope in the I -V curve is reduced. For larger positive voltages the additional applied voltage essentially drops in the tunneling gap and the Fermi level of the tip reaches the conduction band. The corresponding increase in the tunneling current is attributed to the tunneling of electrons from the tip into unoccupied states of the conduction band (J C , Fig. 7͑a͒͒ . The measured I -V characteristics in Fig. 2 show the same behavior. The observed dependence of the tunneling current on the reference voltage is essentially caused by the tunneling transmission coefficients and bandbending effects. Therefore, without including a detailed density of state distribution within the semiconductor bands, the most significant features of the dark I -V spectra for the forward bias situation can be well described by this simplified macroscopic theory.
For negative tunneling voltages ͑reverse bias͒ the tunneling current increases exponentially when the Fermi level of the tip reaches the valence band and tunneling of electrons from the semiconductor into the tip becomes possible (J V , Fig. 7͑c͒͒ . However, in the dark I -V curve in Fig. 1 no significant reverse current was measured. In the quasiequilibrium approach used for the calculation of the solid lines in Fig. 6 it was assumed that the electrostatic calculation of the bandbending is valid in the presence of a finite tunneling current. However, if the minority carrier generation rate is small compared to the tunneling rate no inversion layer at negative potentials exists. 5, 28 The dotted lines in Fig.  6 show the bandbending and the resulting tunneling current if the inversion at the semiconductor surface is neglected in Eq. ͑1͒. This assumption will be justified by the nonequilibrium calculations in the following section. For negative sample voltages, the bandbending is not limited by the band gap ͑Fig. 7͑d͒͒. Since in this case the Fermi level of the tip does not reach the valence band only a small tunneling current J V is observed at negative voltages. The minority carrier contribution J min to the tunneling current is too small to be seen in Fig. 6 and the resulting I -V curve shows the measured rectifying behavior.
B. Current-voltage curves under illumination
For the calculation of the photoinduced tunneling current a one-dimensional MIS solar cell theory similar to the one described by Srivastava and Bhatnagar 30 and Abdou and Habib 31 will be used. Again, any contribution of surface states will be neglected. Since in our measurements no significant dark current was detected in the voltage range where a photoinduced signal was observed ͑Fig. 1͒, the contribution of the tunneling current from the valence band is neglected in this section. The energy band diagram and the current flow under illumination are schematically shown in Fig. 8 .
Illumination of a p-type semiconductor creates free electrons in the conduction band. For a negative bandbending U d Ͻ0 the contribution of the minority carriers in the con- duction band to the tunneling current density J min is now given by
The first term describes the current if all the electron-hole pairs are collected within the diffusion length L n and are separated in the space charge region of the semiconductor. P L is the effective photon flux, which, in a one-dimensional theory with a high optical absorption coefficient (␣ Ϫ1 ӶL n ), is proportional to the absorbed photon flux. The second term in Eq. ͑2͒ is the back diffusion current, which represents the photoexcited carriers that are lost by back diffusion and recombination in the bulk.
Using Maxwell-Boltzmann statistics the minority carrier concentration n(w) at the edge of the depletion region can be described as n(w)ϭn(0)exp(eU d /k B T), where n(0) is the minority carrier concentration at the semiconductor surface. Splitting n(0) into an equilibrium concentration for zero bias without illumination and a non-equilibrium concentration n e of excess carriers at the surface with applied bias and illumination gives
where n p0 is the bulk minority carrier concentration and ⌬U d is the change in the bandbending due to the applied bias and the illumination.
On the other hand, the excess carriers n e will give a tunneling current density from the conduction band into unoccupied states of the metal
where v n ϭͱ(k B T/2m) is the effective thermal velocity of the minority carriers and T n the tunneling transmission coefficient at the conduction band edge. 30 Due to the continuity equation of charge carriers at the surface, Eqs. ͑2͒ and ͑4͒ have to be identical. This gives the excess charge as
The first term in the nominator describes the excess charge due to the illumination of the semiconductor, while the second term takes the thermally generated minority carriers into account. This excess charge of minority carriers has to be considered in the calculation of space charge density for the potential drop U i :
͑6͒
where Q sc * is the carrier concentration from Eq. ͑1͒ neglecting the inversion due to the applied bias, since this inversion now is included in the self-consistent calculation of the excess carrier concentration n e . For a constant transmission coefficient T n , the space charge Q sc is only a function of the bandbending U d and the calculation of the bandbending as a function of the applied tunneling voltage is done as described before. Using Eqs. ͑4͒ and ͑5͒ the tunneling current from the conduction band is then obtained as a function of the tunneling voltage. For the light intensities and the doping concentration used in our experiments this calculations show, that the second term in the nominator of Eq. ͑5͒ can be neglected. This explains why the tunneling current of minority carriers J min under dark conditions is too small to be measured by the STM. In addition, by setting P L ϭ0 this model can be used to study non-equilibrium effects of the minority charge carriers under dark conditions. For the parameters used in our calculations, this justifies the assumption that the inversion charge can be neglected in the calculation of the tip-induced bandbending. However, under illumination the minority charge carrier generation rate is drastically increased and the tunneling current J min is equal to the PITC. The bandbending and the corresponding excess carrier concentrations are shown in Figs. 9͑a͒ and 9͑b͒ for an effective photon flux P L ϭ10 20 cm Ϫ2 s Ϫ1 . This value is chosen to be large compared to the light intensities used in our experiments, because experimental photoinduced tunneling currents of about 1 nA show, that a lateral collection of photoexcited carriers from an area of several m 2 have to be considered.
For negative voltages U t ϽϪ0.8 V ͑Fig. 8͑a͒͒, the second term in the denominator of Eq. ͑5͒ ͑back-diffusion current͒ can be neglected. Figure 9͑b͒ shows, that for decreasing voltages n e reaches a saturation level. This saturation level increases exponentially with increasing tunneling gap. For more positive voltages ͑Fig. 8͑b͒͒, the bandbending is reduced and due to the back-diffusion current the excess carrier concentration n e decreases rapidly. For a larger tip- sample distance z, this decrease in n e is stretched to more negative voltages. Figure 9͑a͒ shows, that this is due to a reduction of the bandbending at the semiconductor surface for increasing tunneling gap. This reduced bandbending is the result of an accumulation of the photoexcited minority carriers at the semiconductor surface. Without illumination, no significant dependence of the bandbending on the different tip-sample separations would be seen in Fig. 9͑a͒ .
The resulting PITC is shown in Fig. 9͑c͒ . For negative sample voltages, the tunneling current reaches a saturation current, which is independent of the tip-sample distance (semiconductor limited) and proportional to the light intensity ͑Fig. 9͑d͒͒. For more positive voltages, the two terms in the denominator of Eq. ͑5͒ become comparable and a transition from a semiconductor limited to tunneling limited tunneling current occurs. The voltage dependence of this transition on the tip-sample distance is due to two effects: First, increasing the tip-sample distance leads to a smaller transmission coefficient T n in Eq. ͑5͒ and the second term in the denominator dominates at smaller voltages. Second, for larger tip-sample distances an optically induced inversion layer is produced at the semiconductor surface and the resulting photovoltage ͑reduction in the bandbending͒ stretches the transition to more negative voltages. Figure 9͑d͒ shows that for the same reason the saturation level in the PITC for lower light intensities is reached for more positive sample voltages.
All these effects are clearly observed in the measured PITC curves in Fig. 3 and Fig. 4 . This shows that direct tunneling of photoexcited carriers is responsible for the observed photoinduced signals. For negative sample voltages, the PITC is semiconductor limited. This explains the weak dependence of the PITC on variations of the tip-sample distance below 5 Å as observed in Fig. 5 . These calculations show further, that the PITC is drastically reduced for U d →0. This means that the LSPV is directly related to the flat band voltage of the semiconductor (U t (U d ϭ0)͒. If the dark current at this voltage is vanishingly small, no significant dependence of the LSPV on the tip-sample distance and the light intensity will be observed.
For U d Ӷ0, the PITC in Figs. 9͑c͒ and 9͑d͒ becomes independent of the sample voltage, while the measurements show a linear dependence of the PITC on the sample voltage. In the one-dimensional model the saturation of the PITC for negative voltages is due to the high absorption coefficient (␣ Ϫ1 ϽL n ) and the neglecting of recombination in the space charge region and at the surface. The finite slope of the PITC curve could be explained in a more detailed threedimensional model, where lateral collection of photoexcited carriers, surface recombination and spreading resistance effects would have to be considered.
V. SUMMARY AND CONCLUSIONS
In summary, we have performed tunneling spectroscopy with and without illumination on a p-type WS 2 sample as a model system for semiconductors with a low surface state density. Using an interrupted feedback technique, I -V curves under dark conditions and under illumination were obtained simultaneously for the same tip-sample separation. A qualitative interpretation was given using a onedimensional MIS model.
Without illumination the I -V characteristics showed the typical rectifying behavior of a MIS diode with a thin insulating gap. For positive sample voltages, two voltage dependent current contributions were identified as tunneling into unoccupied states of the valence band and the conduction band. For negative sample voltages, no tunneling current could be detected. The rectifying behavior was explained by the absence of thermal equilibrium between the minority charge carrier concentration at the semiconductor surface and the bulk concentration.
These non-equilibrium effects are more drastically revealed in the I -V curves measured under illumination for different tip-sample separations and different light intensities. For the illuminated surface, the surface excess charge and the tip-induced bandbending were obtained in a selfconsistent MIS model, where the continuity equation for the photogenerated minority carriers is taken into account. In spite of the fact that recombination in the space charge region or through surface states was neglected, the dependence of the PITC on the sample voltage, the tip-sample separation and the light intensity was reproduced by this onedimensional model. This shows in contrast to the interpretations of the measurements on H-terminated Si samples 11 that direct tunneling of photoexcited carriers is the dominant process for a semiconductor with a low surface state density. The voltage dependence of the PITC was explained by a transition from direct tunneling of the photoexcited carriers to back-diffusion and recombination in the semiconductor bulk. A detailed analysis of the dependence of the PITC on the tip-sample separation and the light intensity shows, that for increasing tip-sample separation this transition is triggered by an optically induced accumulation of minority charge carriers. At the same time our non-equilibrium approach shows that under dark conditions the direct tunneling of minority charge carriers under reverse bias effectively extracts these charge carriers and does not allow an accumulation of minorities at the surface. Therefore an inversion cannot occur, which had been generally assumed in other simulations of I -V spectra.
In spite of the fact that no special band structure of the valence and conduction band was used in our calculations, the general shape of the I -V characteristics for dark and illuminated conditions could be reproduced. This indicates, that in the case of semiconductors with a low surface state density, the bulk properties, such as level of doping, minority generation rate, lifetime and diffusion length essentially determine the overall shape of the I -V spectra. It should be emphasized that on semiconductor surfaces, which are not completely dominated by surface states, the standard interpretation of tunneling spectroscopy, which correlates the normalized differential conductivity to the energetic distribution of the local state density, may lead to significant misinterpretations. It definitely fails on surfaces, where surface states are absent or do not hinder tip-induced bandbending effects.
In addition, the influence of the tip on the charge carrier distribution inside the semiconductor is not limited to electrostatic interactions, but also includes non-equilibrium effects due to the finite tunneling current. However, our approach also shows that this opens the way to investigate semiconductor bulk properties with high lateral resolution if numerical methods can be elaborated, which may describe the problem in its three-dimensional nature.
